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ABSTRACT. There have been few investigations of the cause of nuclear invagination and lobule formation. The humanpancreatic cancer cells MIAPaCa-2 often show nuclear lobulation and well-developed juxtanuclear aggregates of intermediate filaments with thick bundles of intermediate filaments developed from them. Therefore MIAPaCa-2 cells were used as model cells to examine whether or not there is any relationship between the shape of the nucleus and intermediate filaments. Immunoblotting showed that the intermediate filament proteins in MIAPaCa-2 cells are vimentin, and keratins 8, 18, and 19. Fluorescence microscopy and con focal laser scanning fluorescence microscopy revealed perinuclear rings composed of intermediate filaments, that is, thick bundles of both vimentin and keratin filaments run along deep invaginations in the nucleus and, together with juxtanuclear intermediate filament aggregates, they form closed rings around nuclear invaginated and constricted sites. In other cells such as humanbladder carcinoma T24 cells, humanmelanomaG-361 cells, and human cervix carcinoma HeLa/S3 cells, there were also thick bundles of intermediate filaments cutting into the nucleus at the nuclear invagination site. Thus, it seems that the formation of perinuclear intermediate filament rings maybe involved in nuclear invagination and lobule formation in somemammaliancells.
Cell nuclei are usually drawn schematically as a circle or ellipse in cell biology textbooks. In fact, the nuclei of various mammaliancells such as liver cells and cultured fibroblasts seem spherical or ellipsoidal whenobserved under a phase contrast microscope. But the nuclei of many epithelial cells are known to have deep invaginations (22) . In addition, muscle cells have convoluted nuclei, which is thought to be brought about by muscle contractions (8, 24) . In cancer cells, irregularities in the shape of the nucleus are often found, though the morphological changes are not uniform (2, 15 (17, 33, 37) . The binding of IFs to the nucleus, nuclear envelope, or nuclear matrix has been observed by many investigators (7, 10, 13, 27) . It has been proposed that lamin B constitutes an IF attachment site at the nuclear envelope (1 1). These findings suggest that IFs maybe an outside factor affecting the shape of the nucleus. Fluorescence microscopy observations of a variety of cells immunostained using antibodies to IF proteins have shown that MIAPaCa-2 (PaCa) cells often exhibit various types of nuclear lobulation and that they have well-developed juxtanuclear IF aggregates with thick IF bundles distributed around the nucleus. As the thick bundles seem to be located in the nuclear invaginations, PaCa cells were closely examined by con focal laser scanning fluorescence microscopy (CLSFM) in this study to confirm the correlation between IFs and nuclear invaginations. IFs were found to form perinuclear rings at the site of invaginations. hrs. in an electrophoresis buffer containing 20%methanol. The membranewas washed with 20 mMTris-HCl (pH 7.5) buffered saline (TBS) with the addition of 0.05% Tween-20 (v/v) (TBST), blocked with 3% BSA in TBS, and incubated with the first antibodies and then with the alkaline phosphatase-conjugated goat anti-mouse IgG + IgM second antibody. After each treatment, membraneswere washed with TBST. Bands reacting with the second antibody were detected with BCIP and nitro blue tetrazolium (3) according to the protocol of a picoBlue immunoscreening kit (Stratagene, USA). Indirect immunofluorescence. Cells were grownon glass slides, fixed with cold (-20°C) methanol, and processed for indirect immunofluorescent staining, as described previously (20, 21) . AC36 MAb, AC19 MAb, ZSV5, or MAK-6 was used as the first antibody; and FITC-conjugated goat antibody to mouse IgG and/or IgM was used as the second antibody. If back-staining of the second antibody was high, the second antibody was absorbed by a methanol-fixed cell monolayer for about 1 hr at room temperature before use. The FITC-stained samples were counterstained with propidium iodide (PI) to visualize the DNA.Samples were observed under a fluorescence microscope (Optiphoto, Nikon, Japan). In some cases, cells were triple stained. First, they were incubated with AC36 MAb(mouse IgM); then with anti-vimentin MAb(ZSV5), anti-keratin MAbmixture (MAK-6) or anti-atubulin MAb(the above 3 antibodies being mouse IgGs), and further with a mixture of FITC-conjugated goat antibody to mouse IgM and TRITC-conjugated goat antibody to mouse IgG. Finally, they were stained with Hoechst 33258. After each treatment, the cells were washed with PBS for 5 min. four times, rinsed with water, and semi-dried. Triple-stained samples were observed with the following combination of filterblocks (16): a B2E filterblock (450 to 490 excitation filter (EF), 510 dichroic mirror (DM) and a 520 to 560 barrier filter (BF)) for FITC, a G2B filter block (510 to 560 EF, 580 DM, and 610 BF) for TRITC, and a modified V filter block (330-380 EF, 400 DM, and 450 to 490 BF) for Hoechst 33258. Photographs were taken first for FITC, next for TRITCand last for Hoechst 33258. Care was taken to promote fading of the FITC fluorescence by prolonged excitation before taking a photograph of the TRITCfluorescence image. CLSFM. Paired fluorescence images of FITC and PI were obtained by CLSFM(MRC-600, Bio Rad, England), as described previously (21). Images of serial horizontal optical sections were obtained by appropriate motor-driven increments of the specimen stage. Paired images of FITC and PI were merged and pseudo-colored: green for FITC and red for PI. Files of the image data were stored on a magneto-optical disk (NWP-559, Sony, Japan).
RESULTS
When PaCa cells were stained using AC36 MAb, which reacts with both desmin and vimentin, almost all the cells showedwell-developed IF aggregates on one side of the nucleus (Fig. 1 ). Thick and thin IFs developed from them and extended into the cytoplasm or around the nucleus. Thick IF bundles sometimes ran around the nucleus and seemed to be associated with an invagination of the nucleus (examples are indicated by arrows in Fig. IB) . With AC19 MAb, another MAb that also reacts with both desmin and vimentin, similar results were obtained, but more abundant IFs were detected than with AC36MAbboth in the cytoplasm and around the nucleus (not shown). As nuclear invaginations seem to be associated with the presence of thick IF bundles, and as some definite types of IF protein(s) seem to be involved in this phenomenon, the correspondence between thick IF bundles, nuclear invaginations, and the particular IF proteins involved was examined.
The specificity of anti-IF protein MAbsand the protein composition of the IFs in PaCacells were examined by immunoblots (Fig. 2) . ZSV5 ( Fig Fig. 2A-e) recognized two main bands. The upper band was identified as keratin 8, and the lower one as keratin 18, by keratin 8-and keratin 18-specific MAbs (Fig. 2B) . CKT1/T2 ( Fig. 2A-f ) recognized keratin 8 and another band of lower molecular weight, which was identified as keratin 19 by a keratin 19-specific MAb (Fig. 2B) . Neither MAK-6 nor CKT1/T2 reacted with desmin or vimentin. The bands that reacted with AC36 MAb (Fig. 2A-b) were then identified as vimentin (main) and keratin 8; and those that reacted with AC19 MAb, as vimentin (main), keratin 8 and keratin 18. Keratin 7 was not detected by anti-keratin 7 MAb.Desmin was absent from PaCa cells. As AC36 MAbwas shown to recognize both vimentin and keratin 8 (though rather weakly), further experiments were performed to find out whether juxtanuclear IF aggregates and thick IF bundles around the nucleus were composed of vimentin and/or keratins. Fig. 3 (A to C) shows cells triple stained with AC36 MAb, ZSV5 and Hoechst 33258. Almost the same staining pattern was observed with AC36 and ZSV5. Both thick bundles (arrows) and juxtanuclear aggregates were clearly stained by both AC36 MAb (Fig. 3A) and ZSV5 (Fig.  3B) . The thick IF bundles seem to be in the deeply invaginated part of the nucleus (arrowheads in Fig. 3C ). The juxtanuclear aggregates are in the round, hollow part of the nucleus (marked "*"). With a few exceptions, most of the thick IF bundles detected by AC36 MAbwere also detected by ZSV5 (not shown). Next, cells were triple-stained using AC36 MAb, MAK-6, and Hoechst 33258 ( Fig. 3D to F ). MAK-6, which reacts with keratins but not with vimentin, stained juxtanuclear aggregates and thick IF bundles just as AC36MAband ZSV5. MAK-6,however, stained more filaments than spectively. Sometimes the bases of the loops were rather broad and there was some helical winding of filaments (arrowheads). Fig. 5 (A to C) shows consecutive optical sections of a cell doubly stained with ZSV5(green) and PI (red).
MAK-6(
In Fig. 5C , a vimentin bundle revealed by ZSV5(green) is seen transversely where the bundle clearly cuts into the nucleus (red). In this figure, the vimentin bundle is at the center of the round invaginated region deep in the nucleus and there seems to be a little gap between the bundle and the adjacent parts of the nucleus. Almost the sameresults were obtained with the keratinspecific MAb mixture MAK-6 (Fig. 5D to F) ; thick keratin bundles (green) cut into the nucleus (red) opposite the juxtanuclear aggregate (green). Keratin bundles were located at the center of the bottom of the nuclear invaginations ( Fig. 5F ) like as vimentin bundles. Thus IF rings corresponding to nuclear invaginations were found in PaCa cells. Other cells were then investigated to determine whether or not similar IF rings were present around nuclear invaginations. In T24 (bladder carcinoma) cells, keratin filaments become abundant after cells attain monolayer confluence. In such a cul- ture, some cells have rather thick IF bundles detectable by MAK-6, that cut into nuclear invaginations ( Fig. 6A and B, arrows and arrowheads). Furthermore, the nuclei of someother cells have long grooves on the surface (Fig. 6D, arrowheads) . Corresponding to these grooves, there are IF bundles running transversely (Fig. 6C , arrows). But it is unclear whether the nuclear grooves are correlated with these transverse IF bundles or with coaligned IF rings, if any, which can hardly be distinguished from the transverse IF bundles. In G-361 (melanoma) cells, many nuclei have a depressed region, as shown in Fig. 6F (arrowhead) , where there is an IF bundle detectable by ZSV5 (Fig. 6E, arrow) . In HeLa (cervix carcinoma) cells, ZSV5 (Fig. 6G ) and MAK-6 (not shown) detected IF bundles (arrows) cutting into occasional nuclear invaginations (Fig. 6H, arrowheads) .
DISCUSSION
Perinuclear rings composedof IFs were found to cut into nuclear invaginations in PaCa cells; that is, loops of thick IF bundles originating from juxtanuclear IF aggregates run through an invagination of the nucleus and return to the aggregates, thus forming perinuclear rings. The IF bundles at nuclear invagination sites in PaCa cells seem to be extraordinarily thick compared with other cytoplasmic IFs (Fig. 3) . As the bases of loops often spread and stain weakly and there sometimes appear to be coiled filaments (Fig. 4E) , it is possible that neighboring filaments located around the nucleus gather together and twist to form super-coiled filament bundles. The twisting maycause a shortening of the bundle, which in turn causes the bundle to cut into the nucleus. This maybe the cause of the formation of multilobulated nuclei in PaCa cells. Another possible cause is that part of the nucleus mayinvade the space of a network of thick IF bundles in a juxtanuclear aggregate and penetrate all the way through, producing a bud on the other side. But this seems unlikely since the part of the nucleus facing the juxtanuclear IF aggregates seems to form a rather round, uneven depression, as seen in Figs. 3C, F and I (marked "*"). It was shown that PaCa cells have both vimentin filaments and keratin filaments, and that the keratin filaments are composed ofkeratins 8, 18, and 19. This keratin composition agrees with the pair rule of keratins (29, 34), i.e., keratin filaments are formed from pairs of type I and type II keratins, and keratin 8 is a type II keratin that usually pairs with keratin 18 or keratin 19, the latter two being type I keratins. Since almost all the bundles detected by AC36 MAband associated with nuclear invaginations were also detected by both ZSV5 (anti-vimentin MAb) and MAK-6 (anti-keratin MAbs mixture), and since both vimentin bundles and keratin bundles were found at the center of the bottom of nuclear invaginations, it seems that the thick bundles associated with nuclear invaginations are composed of vimentin filaments and keratin filaments. But whether the interaction of these two filament systems is required for the formation of such a thick IF bundle in PaCa cells, or whether only one (vimentin or keratin) is sufficient, is not clear at present. Some other cells also exhibit IF bundles, which are perhaps part of rings, at nuclear invagination sites, though they are not so thick as those observed in PaCa cells. Amongthem, T24 cells develop rather thick keratin bundles detected by MAK-6,while G-361 cells have vimentin bundles detected by ZSV5 around the nuclear depressed region. T24 cells are known to express kera- tins 7, 8, 18 and 19 but no vimentin (14, 34) . These findings may indicate that one type of IF is sufficient to form perinuclear rings that cut into nuclear invaginations. In HeLa cells, IF bundles cutting into an occasional nuclear invagination were detected both in ZSV5-stained and in MAK-6-stained samples. This is in accordance with the fact that HeLa cells express both vimentin and keratins (keratins 7, 8, 17, and 18) (26, 29) . In HeLa cells, however, the invaginations are not so deep and the IF bundles are not so thick as in PaCa cells. PaCa cells mayrepresent one possible case of nuclear invaginations in epithelial cells and some other cells that appear in an exaggerated form. The shape of the nucleus may naturally be spherical, and hollows and invaginations mayresult from outside pressure, though some irregularities may be produced by chromosome abnormalities as observed in CHOC 400 cells, where clusters of amplified genes appear to bulge out of the nuclear lamina (5). SW13cells (human adrenal cortex carcinoma) often lack the expression of IFs (31). These cells, however, have a lobed or deeply hollowed nucleus. The centrosome is located in this hollow (unpublished observation). This fact suggests that nuclear irregularity is caused not only by IFs but also by some other materials. LiOo cells (human acute lymphatic leukemia), the growth of which is dependent on vincristine, are reported to have characteristic multilobulated nuclei (36). The multilobulation of these cells is thought to be related to the formation of perinuclear IF aggregates induced by the presence of vincristine, though how perinuclear IF aggregates relate to nuclear multilobulation is not explained (36).
In this report it is shown that perinuclear IF rings are closely related to nuclear invagination and lobulation. To clarify the causal relationship between IF rings and the formation of multilobulated nuclei, however, further experiments which depolymerize or disturb the formation of IF bundles are required. IFs are known to be an especially stable cytoskeleton as a whole, though the dynamic exchange of their components has been observed (32, 41 
